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Abstract This is the second of a series of papers on
new methods for the calculation of eddy current losses
in permanent magnets (PMs) and the shortcomings of
previous analyses. Our first paper extended Ruoho’s
work on harmonic field distributions to the reaction
field of eddy currents within permanent magnets. The
approach was based on the methods of the harmonic
complex AC calculation. In this paper, the models pre-
sented in our previous paper are further extended to
allow a harmonic calculation of eddy current losses in
permanent magnets for homogeneous fields, includ-
ing the effects of eddy current losses in an adjacent
ferromagnetic material, leakage flux factors, and non-
constant inductance.

Keywords Permanent magnet - Eddy current - Eddy
current losses - Segmentation - High-speed drives -
Inverter-related losses

Analyse von Einflussfaktoren auf PM-
Segmentierungseffizienz anhand eines Modells
mit konzentrierten Ersatzelementen

Zusammenfassung In der zweiten Vertffentlichung
dieser Reihe werden Einflussfaktoren auf Segmen-
tierungseffektivitdten untersucht. Dazu werden die
Ergebnisse der ersten Veroffentlichung nochmals er-
weitert, um Wirbelstromverluste in umgebenden Fer-
romagnetika, die Luftspaltweite, das Streuverhalten
und nichtkonstante Induktivititen zu berticksichti-
gen. Das Verfahren basiert auf den Methoden der
komplexen Wechselstromtechnik. Unter Bertiicksich-

M. Konigs - B. Lohlein (<)

Institute for Innovative Drive Technology,
University of Applied Sciences Flensburg,
Kanzleistr. 91-93, 24943 Flensburg, Germany
bernd.loehlein@hs-flensburg.de

tigung der Einflussfaktoren lassen sich Aussagen iiber
die Validitdt bisheriger Berechnungsmethodiken tref-
fen.

Schliisselworter Permanentmagnet - Wirbelstrom -
Wirbelstromverluste - Segmentierung -
Hochdrehzahlantriebe - Umrichterbedingte Verluste

B Magnetic flux density

EC Eddy current

I Electrical current

j Imaginary unit

Ky Leakage flux factor. Additional leakage induc-
tance as a percentage of the main inductance

l Geometric lenght

I Geometric lenght of a magnet

ly Air gap width

L Inductance

N Number of discrete eddy current paths
p Active power

PM Permanent magnet
R

v

X

X

Resistance

Electrical voltage

Reactance

Geometric integration variable
Lo Permeability of the vacuum
Ur Relative material permeability
0 Specific resistance
M System matrix
w Angular frequency

1 Introduction

Inverter related losses are a major contributor to eddy
current losses in the permanent magnets of perma-
nent magnet synchronous machines (PMSM). Inverter
related losses are rarely considered in finite element
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method (FEM) simulations for drive design. This is
mainly due to the increased complexity and compu-
tational time required to set up time steps for inverter
switching frequencies and spatial harmonics due to
stator slotting instead of just the fundamental fre-
quency of the drive. However, with recommended in-
verter switching frequencies of at least 10 times the
fundamental frequency of the drive, this results in
a tenfold increase in computation time in the worst
case. In addition, simple models for estimating the
current ripple for current injection may not be accu-
rate enough since eddy current losses in the machine
are the cause of non-constant inductance behavior.
A strong direct coupling between the simulated in-
verter and the simulated drive would be highly de-
sirable but has its own drawbacks in terms of com-
putation time. Based on analytical models a com-
putation of the inverter related losses could be feasi-
ble. In this work, the previously described model [7]
extended to a harmonic voltage based solution. Not
only the excitation coil with leakage and main induc-
tance is modeled, but also a simplified model for the
adjacent system eddy current losses is introduced. It
will be investigated whether the current literature ap-
proach of calculating the magnetic fields in the ma-
chine and separating the field calculation from the
loss calculation is acceptable. It is hypothesized that
at high frequencies there is a strong coupling between
hysteresis and eddy current losses in the ferromag-
netic material surrounding the magnet and the eddy
current losses in the magnet itselv. Although hys-
teresis effects are expected to be a major contribu-
tor to the loss characteristics of eddy current losses
in PM their effects are not yet considered in this pa-
per.

2 Harmonic coil based calculations of eddy
current losses

The harmonic calculations of eddy current losses in
permanent magnets are based on the models de-
veloped in the first paper in this series [7]. While
Ruoho [1] uses eddy current path resistances for an
electrostatic solution, the model in [7] introduces self-
and mutual-inductance for each eddy current path.
This allows the consideration of eddy current reaction
fields. For single harmonics the methods of com-
plex AC calculations using reactance calculations can
be used even when introducing models for adjacent
eddy current losses and coil behavior. A simple yoke
geometry with an excitation coil is used to model
the system behavior. Fig. 1 shows a section of the
geometric design.

Fig. 2 shows the electrical equivalent circuit includ-
ing a model for eddy current losses in a ferromagnetic
material. Both the eddy current losses in the ferro-
magnetic material and the hysteresis of the material
have nonlinear damping characteristics on the mag-
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netic fields and are expected to affect the effectiveness
of magnet segmentation methods.

The lumped circuit elements are schematically
added to the geometry in Fig. 3. Each circuit path
consists of two inductances and one ohmic resist-
ance. As can be seen in Fig. 3, the magnet is divided
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Fig. 3 Schematic electrical lumped parameter circuits

into a large number of sub-circuits, which allows the
effects of current displacement to be taken into ac-
count. The parameters of the lumped resistances and
inductances for a discrete number of eddy current
paths can be calculated in the same way as in [7].
The path model is shown in Fig. 4. The given model
lacks consideration of current displacement effects
in the eddy current loss model of the ferromagnetic
yoke. This is true under the assumption that the
width of the electrical sheet metal commonly used for
ferromagnetic yokes is significantly smaller than the
theoretical skin depth for the given frequencies and
materials.

Based on the lumped element model, the sys-
tem equations can be formulated using the complex
AC calculation methods. The formula is given in

~
ben
2

Fig. 4 Eddy current path model

Eq. (1). The equations for the element calculation are
given in [7].

Zw Rw+j‘Xw j'XEC,w
Zcoreloss ] . Xw,EC Rcoreloss + ] : XEC
Vomr | = 7 Xwwmn j+ Xec,pm1
Yomn J- XwpMN j* Xecpmn
J - XpM1,w J - XpMN,w
J - XpM1,EC J - XpPMN,EC

Rpm1 + j - XpMm1 j-Xpmnpm1 | (D)

J - XpMm1,PMN Rpmn + j - Xpmn

I

w
1

=coreloss
Ipy

Ipyn

Only the excitation coil is subject to an external
voltage source, which can be replaced by a current
source. The voltages of the other partial circuits can
be set to zero.
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Parameters of the base model

Magnet geometry Height Width Depth
5mm 50mm 50mm
Relative permeability magnet ., 1.04
Resistivity magnet pygres 1.6pu2m-!
Yoke geometry Height Width Depth
200mm 50mm 50mm

Relative permeability yoke i, 2000
Air gap width 5 1mm
Coil resistance 010
Coil number of turns 20
Coil voltage 10V
Effective yoke EC resistance 100002
Coil leakage flux K coil 150 %
Core leakage flux K core 0%
Magnet leakage flux K magnet 0%
Choke inductance Lghoke OH

Kw Ry +j-Xuw j'XEC,w

ov J-XwEc Reoreloss + /- XEC

OV ([=| j-Xwpm J - Xec,pm1

ov j* XwpMN J - XECPMN

J-XpM1,w J - XpMN,w
J-Xpm1,EC j- XpMNEC
Rpm1 +j - Xpmi J - XpMN,PM1 2)

J - XpM1,PMN Rpmn +j - Xpmn

I

—w
1

=coreloss
Ipyi

Ipy

The currents can be obtained by inverting the sys-
tem matrix .

=™V 3)

The total PM eddy current losses are then calcu-

lated by adding the sub-circuit losses of each PM eddy
current path.

N
_ 2
Peddy,Magnet = Z IlMagnet,nI . RM,n 4)

3 Model verification

The analytical base model has been verified against
a FEM analysis in previous publications [7]. The anal-
ysis in the previous work was limited to a flux im-
pressed analysis where the total external magnetic flux

Ferromagnetic core
Excitation coil

Permanent magnet
— 5

Geometry of the FEM model

remains constant, which agrees quite well with the
results for current impressed analyses. This work ex-
tends the model to voltage impressed analysis, there-
fore a model verification based on a voltage impressed
harmonic FEM analysis is performed. The geometry
used in the FEM analysis is shown in Fig. 5. Table 1
list the parameters used in the analytical verification.

Fig. 6 shows the eddy current losses for various fre-
quencies and segmentations for both the FEM analy-
sis and the analytical analysis. The number of turns is
20 and the impressed voltage is 10 V. The comparisons
of the model with the current impressed analysis are
given in [7]. The FEM analysis is performed in Ansys
Maxwell 2021 R2. The results of the analytical tool
agree well with the results of the FEM analysis. For
small number of segments (N =1) and large frequen-
cies (f = 20kHz) the relative deviation is 34%. This
is the largest deviation in the set. For larger num-
ber of segments the deviation is much lower (22% for
N=2,2.2% for N=5, 3.8% for N =10). It should be
noted, that the sensitivity to the flux leakage factors is
high. While the FEM analysis gives the correct value
for the leakage flux, the analytical analysis requires
an estimation of the leakage flux or an initial calibra-
tion.

4 Factors of influence on PM eddy current
losses

The simple model given in section II. allows the eva-
luation of factors affecting permanent magnet (PM)
eddy current losses. A base model is subject to varia-
tion. The parameters of the base model are given in
Table 2.

Three base cases are relevant for a parameter anal-
ysis.

1. Flux impressed analysis:
This model was used in [7] and will not be dis-
cussed further in this paper. Furthermore, estab-
lished analysis models use this analysis setup [2-5].
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Eddy current losses 4
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Parameters of the base model

Magnet geometry Height Width Depth
5mm 50mm 50mm

Relative permeability magnet ., 1.04

Resistivity magnet pygres 1.6p2m™!

Yoke geometry Height Width Depth
100mm 50mm 50mm

Relative permeability yoke i, 4000

Airgapwidth Is 1mm

Coil resistance 10

Coil number of turns 40

Coil voltage 1V

Excitation frequency 8000Hz

Effective yoke EC resistance 10

Coil leakage flux K coil 10 %

Core leakage flux Ky core 10 %

Magnet leakage flux K magnet 10 %

Choke inductance Lghoke OH

2. Current impressed analysis:

The current impressed analysis is the analysis clos-
est to previous work where the source flux distri-
bution is calculated by FEM analysis and then the
eddy current distribution is then calculated, e.g. by
the method of images [4, 5]. This analysis should be
valid for winding harmonics where the coil current
is controlled by the PI controller of the inverter.

3. Voltage impressed analysis:
The voltage impressed analysis is better suited for
segmentation effects on inverter related losses.
Since most inverters use intermediate voltage cir-
cuits, the current amplitudes will differ for various
non-constant inductances.

8 10 12 14 16 18 20
Frequency in kHz

In the following chapters, cases (2) and (3) will be
analyzed in more detail.

4.1 Current impressed analysis

First, the evaluation of the influencing factors on PM
eddy current losses for the current impressed anal-
ysis is given. The best known factor affecting eddy
current losses in permanent magnets is the frequency
of the magnetic flux. In the case of a current im-
pressed analysis with constant excitation current, as
shown in Fig. 7, the eddy current losses within the
PM increase for any number of segments. It is note-
worthy is that, due to the reaction flux, the losses do
not increase with the square of the frequency, as [6]
would suggest at first glance. For low frequencies, it
can be observed that segmentation can reduce the
eddy current losses for homogeneous fields even for
a small number of segments. As the frequency in-
creases, a maximum loss segmentation can be ob-
served. The maximum loss segmentation number in-
creases as the flux frequency increases. This phe-
nomenon can also be attributed to the reaction flux.
At high frequencies, the low eddy current resistance
of unsegmented magnets hardly limits the currents
and allows for a large compensation of the magnetic
flux.

As noted, the reaction flux can alter the eddy cur-
rent losses in the PM. Therefore, it is important to
investigate factors that can manipulate the reaction
flux behavior. One such factor is the air gap width.
Fig. 8 shows the eddy current losses in the example
permanent magnet for various air gap widths and seg-
mentation numbers. A larger air gap inhibits the for-
mation of the reaction flux. As a direct result, lower
segmentation numbers are required to effectively re-
duce eddy current losses. Due to the increased overall
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Current impressed
eddy current losses for var-
ious frequencies and num-
ber of segments
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Frequency in kHz

Eddy current losses
for various air gap widths
and number of segments
(current impressed analy-
sis)

Eddy current loss in W

Airgap width in mm

reluctance, the PM eddy current losses are reduced as
the air gap width is increased.

For embedded permanent magnet synchronous
machines the air gap seen by the flux of the perma-
nent magnet is zero. We can model this by adding the
leakage factors for all the inductances, since the direct
short-circuit for the magnetic flux does not contribute
to the reaction flux within the main excitation coil.
Fig. 9 shows that higher leakage flux factors (here all
three leakage factors are changed simultaneously) in-
crease the inductance of the respective lumped sub-
circuits. It can also be seen that a higher leakage flux
factor requires an increase in the number of segments
for an effective PM eddy current loss reduction.

Mostly neglected in conventional PM eddy current
loss calculations are the core losses in the ferromag-
netic material of the machine (e.g. [2-5]). Since the
calculation of core losses is complicated enough the
introduction of these losses is simply out of scope

10

Number of segments

for most simulations. However, a strong coupling be-
tween core losses and PM eddy current losses is ex-
pected. The core losses of the ferromagnetic core cre-
ate a non-constant inductance as seen from the ex-
citation coil. Both the PM eddy current losses and
the core losses create reaction flux effects. Or, in the
case of minor hysteresis loop, attenuate the field seen
by the PM. The analysis of the hysteresis losses is not
done in this paper. However, a simple circuit can be
used to estimate the effect of eddy current losses in
ferromagnetic materials. The results of the following
analysis are shown in Fig. 10. Segmentation increases
the eddy current losses in the ferromagnetic material.
A high eddy current loss in the ferromagnetic material
can have a damping effect on the flux and therefore
significantly reduce the losses within the PM. It is im-
portant to note that both must be analyzed together.

The effects of reaction flux can be attributed to
a power matching problem in the complex plane. The
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maximum power is converted in the sink when the
source impedance matches the sink impedance. In
complex problems, there are two design choices to
limit these losses. Both the reactance and the resist-
ance can be manipulated. Scaling the dimensions of
a square permanent magnet equally in length and
width changes the ratio of reactance to resistance.
The resistance of a given path scales linearly with the
scaling factor of the magnet, while the inductance as

a function of area scales with the square of the scal-
ing factor of the magnet. The effect on eddy current
losses in the PM is shown in Fig. 12. It can be observed
that the reaction flux plays are more dominant role in
larger magnets. As a result, larger magnets must have
a higher number of segments to effectively reduce PM
eddy current losses.

Changing the scaling factor of the magnet only
in the direction of the segmentation (Fig. 14) does
not change the number of segments with the highest
losses as much as scaling in both directions (Fig. 12).

Changing only the scaling factor of the magnet or-
thogonal to the direction of the segmentation (Fig. 16)
changes the number of segments where the highest
loss occurs similarly to the scaling in both directions
(Fig. 12).

In the current impressed case, the number of turns
of the excitation coil increases the eddy current losses
in the permanent magnet as the flux amplitude in-
creases (Fig. 17). However, a change in the worst case
number of segments is observed.

@ Springer

Lumped model eddy current analysis of influence factors on PM segmentation effectiveness 503



Eddy current
losses for various magnet
sizes and number of seg-
ments (current impressed
analysis)

Y
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Eddy current loss in W
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0o 1 Number of segments

Magnet length in m (Square)
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Magnet size variation for Figs. 14 and 24

Eddy current
losses for various magnet
lengths and number of seg-
ments (current impressed
analysis)

Eddy current loss in W

4

0 1 2 Number of segments

Magnet length in m (in direction of segmentation)
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Magnet size variation for Figs. 16 and 25

Eddy current
losses for various magnet
widths and number of seg-
ments (current impressed
analysis) 80
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Eddy current
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of coil turns and number
of segments (current im-
pressed analysis)
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Eddy current
losses for various frequen-
cies and number of seg-
ments (voltage impressed
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4.2 Voltage impressed analysis

The non-constant behavior of the effective excita-
tion coil inductance, and also the reaction flux of
the system, changes the behavior between a current
impressed and a voltage impressed analysis. In terms
of inverter related losses, a voltage impressed analysis
seems to be the more accurate choice. Inverter cur-
rent ripple is mostly defined by the DC link voltage
and is not current impressed. When comparing the
current impressed analysis of the PM eddy current
losses in terms of frequency and number of sege-
ments Fig. 7 with the voltage impressed analysis,
a significant difference is observed. In the voltage
impressed analysis, a decrease in eddy current losses
can be observed for all frequencies when segmenting

6

Number of segments

Airgap width in mm

the PM. Also, due to the increase in excitation coil re-
actance, an increase in frequency results in a decrease
in eddy current losses in the PM (Fig. 18).

When analyzing the effect of air gap width, the ef-
fect on the segmentation effectiveness (Fig. 19) re-
mains similar to Fig. 18. However, compared to the
current impressed case where increasing the air gap
width decreases the PM eddy current losses, increas-
ing the air gap width for the voltage impressed case
increases the PM eddy current losses.

When the flux leakage factor is introduced into the
system a change in the eddy current loss behavior is
observed. As the leakage factor increases, the eddy
current losses no longer decrease monotonically as
the number of segments increases (Fig. 20). Note that
the lumped model resistance of the excitation coil is
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Eddy current
losses for various leakage
flux factors and number
of segments (voltage im-
pressed analysis)

Eddy current loss in W

Leakage flux factor

Eddy current
losses for various choke
inductance and number
of segments (voltage im-
pressed analysis)

Eddy current loss in W

6

10

Number of segments

Number of segments

Choke inductance in H

modeled as a constant value. As the yoke size in-
creases, another approach would be to increase the
resistance as a function of the yoke circumference,
which would slightly alter the quantitative results but
not the qualitative statements.

A similar effect can be seen when a choke induc-
tance is added to the system (Fig. 21). When a linear
reactance is added to the system, the current depen-
dence on the reaction flux and the non-constant sys-
tem inductance is reduced. As a result, the results
shift toward the current impressed case study. Note
that a logarithmic scale is used for the eddy current
losses in Figs. 21 and 26.

Regarding the effects of the eddy current losses in
ferromagnetic materials, a small deviation can still be
observed for low eddy current resistances. However,
the effects are greatly reduced (Fig. 22). In most cases,
the eddy current losses in the ferromagnetic material

will be on the side of higher resistivity, since that’s
the main benefit of electrical steel. If the effective
eddy current resistance of the ferromagnetic material
is high, the effect on the PM eddy current losses is
small.

When changing the size of the permanent magnet
by scaling it in both the width and length (Fig. 23).
Segmentation reduces PM eddy current losses. As the
size of the geometry increases, the inductance also
increases as the square of the size, creating a local
loss maximum for a given magnet dimension.

Figs. 24 and 25 show the PM eddy current losses
for various sizes in the segmentation direction and or-
thogonal to the segmentation direction, respectively.

One factor that can change the effectiveness of
a segmentation in case of voltage impressed analysis
is the number of turns in the excitation coil. As the
number of turns decreases, a local maximum of eddy
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Eddy current
losses for various core eddy
current resistances and
number of segments (volt-
age impressed analysis)

Eddy current
losses for various magnet
sizes and number of seg-
ments (voltage impressed
analysis)

Eddy current
losses for various magnet
lengths in the direction of
segmentation and number
of segements (voltage im-
pressed analysis)
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Eddy current
losses for various magnet
widths orthogonal to the di-
rection of segmentation and
number of segments (volt-
age impressed analysis)

Eddy current loss in W

Number of segments 10

Eddy current
losses for various number
of coil turns and number
of segments (voltage im-
pressed analysis)

Eddy current loss in W

Number of segments

current losses can be observed for a certain number
of segments (Fig. 26). Note that the lumped model re-
sistance of the excitation coil is modeled as a constant
value according to Table 1. As the number of turns
increases, another approach would be to increase
the resistance as a function that scales linearly with
the number of turns for a constant wire diameter or
approximately with the square of the number of turns
for a constant winding cross-section.

5 Factors of influence on PM segmentation
effectiveness

In Section 4, the factors influencing PM eddy current
losses were discussed. All figures include segmenta-
tion. For further analysis of the effectiveness of PM
segmentation on eddy current losses, a simplified nor-
malized analysis is given below. The PM eddy current
losses for an unsegmented magnet based on Table 2
is given as a baseline so the different setups can be

0.05

Magnet length in m (orthogonal to segmentation)

Number of turns excitation coil

compared to each other. It has been found that the
current impressed analysis can be very different from
the voltage impressed analysis. By adding a choke in-
ductance to the excitation coil, a voltage impressed
system can be converted to a current impressed sys-
tem as shown in Fig. 27. A high leakage flux factor
should produce similar results.

Since current and voltage impressed analysis cases
can be very different, both analyses will be given con-
sistently in this chapter. Figs. 28 and 29 show the ef-
fectiveness of segmentation as a function of the source
frequency. In the current impressed case (Fig. 28)
a significant effect of the frequency on segmentation
effectiveness can be observed. At higher frequencies,
a larger number of segments is required to induce PM
eddy current loss reduction. In the voltage impressed
case Fig. 29, this effect is drastically reduced, but still
significant.

The same observation applies to the analysis of dif-
ferent air gap widths (Figs. 30 and 31). Although the
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Fig. 27 Influence of choke 1.8

inductance on PM segmen- Current regulated
tation effectiveness(voltage i L =0mH
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Fig. 28 Influence of in-
verter switching frequency
on PM segmentation effect-
iveness (current impressed
analysis)
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Fig. 29 Influence of in- 1
verter switching frequency
on PM segmentation effect- 0.9
iveness (voltage impressed
analysis) 08
w0
w
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Fig. 30 Influence of air 18r

gap width on PM segmen-
tation effectiveness (current
impressed analysis)

Normalized eddy current loss
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——0.5 mm airgap
— =~ =1 mm airgap
2 mm airgap
4 mm airgap

effect on the effectivness of PM segmentation is less
pronounced.

Segmentation effectiveness for electrical machines
can vary widely for alternative lamination cuts. In
some applications, it is common to include leakage
bridges at the top of the stator teeth, which greatly
increase the leakage flux. As shown in Figs. 32 and 33
the effectiveness of a given segmentation is highly de-
pendent on the leakage flux characteristics of the ma-
chine. This is also true for the differences between
surface-mounted permanent magnet machines (SPM)
and integrated permanent magnet machines (IPM).

4 5

6 7 8 9 10 1
Number of Segments

The influence of eddy current losses in the core
material is negligible in the voltage impressed case as
shown in Fig. 35. However, it should be noted that
with an increase in leakage flux or with a choke in-
ductance, the behavior may tend toward the current
impressed case shown in Fig. 34

Varying the number of turns and the winding resist-
ance of the primary excitation coil only makes sense in
the voltage impressed case. In the current impressed
case, the current through the coil does not depend
on the resistance or reactance of the winding. Fig. 36
shows the effect of the number of turns of the primary
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coil. A change in segmentation effectiveness can be
observed at low turn counts. As the number of turns
increases the effectiveness approaches an asymptotic
limit. The winding inductance still remains non-con-
stant leading to contrasting results compared to the
addition of a choke inductance.

For the same reason in Fig. 27 at top of this section,
an increased winding resistance changes the behavior
of the voltage impressed system relative to the current
impressed system. However, the winding inductance
is usually small compared to the inductance.

4 5 6 7 8 9 10 11

Number of Segments

6 Summary and outlook

An analytical approach to the calculation of PM eddy
current losses for homogeneous fields has been given.
The analysis of influencing factors on PM eddy cur-
rent losses can utilize a flux oriented approach, as has
been done in several other solution attempts [2, 4, 5].
In addition, a current oriented approach can facilitate
eddy current losses within the core of the system being
analyzed, which affects the PM eddy current loss and
vice versa. This approach is used for winding harmon-
ics in electrical machines. However,for the calculation
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of inverter related losses, a voltage oriented approach
is advantageous. The loss behavior, influencing fac-
tors and effectiveness of PM segmentation can vary
greatly depending on the approach chosen. Identi-
fied significant influence factors on PM segmentation
effectiveness include frequency, air gap width, eddy
current losses in the near environment for current
fixed systems, flux leakage behavior and the number
of turns of the primary excitation winding for the volt-
age fixed system. A large winding resistance or choke
inductance can change a voltage fixed system towards
a current fixed system and therefore change the seg-

5 6 7 8 9 10 11
Number of Segments

mentation effectiveness. A comprehensive review of
the factors influencing segmentation effectiveness is
given in Table 3. It is likely that hysteresis of the core
material in the vicinity of the magnet alters the ef-
fectiveness as well as that hysteresis adds a non linear
damping effect to the magnetic fields. This is a topic
for further research as it requires a transient model of
the hysteresis subloops. Compared to real machines
the model is simplified in order to make qualitative
statements about the influencing factors on EC losses
and segmentation effectiveness. These qualitative ef-
fects translate well to real machines. In addition, pre-
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Fig. 35  Influence of ef-
fective core eddy current
resistance on PM segmen-
tation effectiveness (voltage
impressed analysis)

Fig. 36 Influence of the
number of turns in the exci-
tation coil on PM segmen-
tation effectiveness (voltage
impressed analysis)
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Summary of influence parameters

Influence factor Current impressed Voltage impressed
analysis analysis

Frequency High Moderate

Air gap width High Low

Flux leakage High High

Choke inductance None High

Eddy currents in Moderate Very low

Ferromagnetic material

Magnet dimension High Low

Orthogonal & parallel

Magnet dimension Moderate Low

Orthogonal

Magnet dimension High Low

Parallel

Coil turn number None Low

Coil resistance None Moderate

liminary results have shown that the model works well
for fast approximation of inverter-related eddy current
losses in PM, which is the subject of ongoing research.
For slot and winding harmonics, however, the model
is poorly equipped and should not be used to make
qualitative statements.
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